Manganese dioxide having nanorod and nanoflake morphologies have been successfully prepared by electrolysis of KMnO 4 at a temperature of 60°C. The acidity of the solution substantially influenced the particle morphology. The particles had nanorod morphology at a very acid solution (pH 0.2) whereas they had nanoflake shape at the base condition (pH 9). X-ray diffraction analysis revealed that the particles generated at very acid condition were ¡-MnO 2 . On the other hand, the particles synthesized at base condition were amorphous MnO 2 . The electrocatalytic activity towards oxygen reduction reaction (ORR) of the materials was studied in oxygensaturated 0.6 M KOH solution. The electrons transferred per oxygen molecules of ORR for nanorod and nanoflake MnO 2 particles were 2.23 and 1.75, respectively. The results suggest that nanorod MnO 2 particles exhibit better ORR activity corresponding to 2-electron transferred ORR mechanism.
Introduction
Manganese dioxides have attracted many attentions because of their excellent physicochemical properties, rich structural variety, low cost and environmental friendliness. 1) They find extensive potential applications in electrochemical energy storage and conversion, catalysis, ion exchange and molecular adsorption.
2), 3) There are various polymorphic forms of manganese dioxides including alpha (¡), beta (¢), delta (¤) and gamma (£) due to the different linkways of the primary unit [MnO 6 ] octahedra. It has been demonstrated that different structures exhibited distinct activities and thus separate application. 4) For the use of electrochemical energy storage and conversions such as secondary batteries and supercapacitors, ¡ and £MnO 2 are of particular interest because their structures contain 1-dimensional channels, which is considered to be more accessible and the most active. 5) The investigations of manganese oxides for electrochemical energy storage and conversion have been mostly devoted to well-crystallized materials. Recently, noncrystalline manganese oxides, including amorphous and nanocrystalline compounds, have attracted increasing attention for use in such applications due to their excellent electrochemical performances. It has been reported that amorphous or nanocrystalline manganese oxides exhibited much higher lithium intercalation capacity than their crystalline counterparts and in some cases better cycling performance. 6) They also presented a much higher specific capacitance, which makes them excellent candidates for electrode materials in supercapacitors.
1), 7) Poorly crystalline manganese oxides also exhibited high electrocatalytic activity for oxygen reduction reaction (ORR) and possessed excellent stability, which becomes a promising catalyst material for metal-air battery. 8) Amorphous manganese oxides can be prepared by simple precipitation reactions in water at ambient temperature. It offers advantages over their crystalline counterparts that typically require higher temperature and energy such as hydrothermal 2),9) and hydrothermal-electrochemical. 5) Several methods have been developed to synthesize such materials including sonochemical, 8) ,10) electrodeposition, 11) chemical bath deposition, 12) and solgel methods.
13)
The electrochemical method is promising for the preparation of various functional materials ranging from element, compound, and composite nanoparticles because of its simple, green and inexpensive process. 14 Here, we report on the synthesis of nano-sized MnO 2 particles by an electrochemical method using KMnO 4 as the precursor. It has been shown that in the synthesis of manganese oxides using hydrothermal-electrochemical, the morphology of particles was influenced by synthesis conditions including temperature, voltage, and pH. 5) Here, we investi-gated the effect of pH and voltage on the particle characteristics including morphology and crystallinity at a constant temperature. The electrochemical reactions were also studied, with the focus on the condition providing very distinct particle morphology. Moreover, the electrochemical performance of different morphology of produced particles as an electrocatalyst for oxygen reduction was also investigated.
Experimental

Materials
All materials used to synthesize the manganese oxides were analytical reagents and used as received without further purification. The potassium permanganate (KMnO 4 ; 97.5%) and potassium hydroxide (KOH; 97.0%) were purchased from UNI-Chem Indonesia, and the sulfuric acid (H 2 SO 4 ; 98.0%) was supplied by Merck.
Synthesis of MnO 2
A homogeneous solution of KMnO 4 (UNI-Chem Indonesia, 97.5%) was used as the precursor for the electrosynthesis of manganese dioxide powders. The electrolysis was carried out in an electrochemical cell consisting of two carbon electrodes with dimensions of (5 © 2.5 © 0.3) cm. The electrodes were set parallel with a distance between electrodes of 2 cm. The electrodes were connected to the positive and negative terminals of a controlled DC power supply (GPD X303S, GW Instek). The electrosynthesis was performed at a voltage of 3 V under constant stirring at 60°C under acid or base environment. In order to prepare a solution at pH 0.2, 5 g of KMnO 4 was dissolved in 300 mL distilled water and then added with 100 mL of 98.0 wt % H 2 SO 4 solution (Merck, reagent grade). For solution at pH 4, the pH was adjusted by adding 98.0 wt % H 2 SO 4 dropwise. For the case of base conditions (pH 9), 5 g of KMnO 4 was dissolved in 400 mL of distilled water, and the solution pH was adjusted by adding 0.1 M KOH dropwise. The electrolysis was carried out for three hours, and the resulting suspension was centrifuged and washed to separate the particles from the solution. The particles were dried at 150°C for four hours.
Characterization
Crystal structures of MnO 2 were analyzed by X-ray diffraction (XRD) on computer controlled PANalytical X'Pert using Cu K ¡ radiations ( = 1.54 ¡). A field emission scanning electron microscope (FE-SEM S-5000 Hitachi, Japan), operated at 20 kV was used to characterize the morphology of MnO 2 particles. Transmission electron microscope (TEM, JEM-1400, JEOL, Japan) was also used to analyze the crystal structure and primary crystallite morphology of MnO 2 particles. Nitrogen adsorptiondesorption isotherms were measured using Quantachrome's NOVA1200e at ¹196°C. The samples were degassed at 300°C for three hours before the experiment. The surface area was calculated by Brunauer EmmettTeller (BET) method.
Electrochemical measurements
Cyclic voltammetry (CV) and dynamic polarization measurements were performed for the reaction system to produce manganese oxide using a potentiostat/galvanostat instrument (Autolab PGSTAT 302N, Metrohm). The measurements were intended to understand the electrochemical reactions taking place at the electrodes during electrolysis and the corresponding reaction kinetics. The measurements were carried out using a three-electrode system with platinum as both working and counter electrodes and Ag/ AgCl 3 M KCl (0.21 V vs. SHE 19) ) as the reference electrode. The CV measurement was carried out by scanning the potential between ¹2.0 and +2.0 V (vs. Ag/AgCl) at a scan rate of 10 mV/s for acid condition and of 0.5 mV/s for the base condition.
To investigate the performance of MnO 2 as the electrocatalyst for ORR, rotating disc electrode (RDE) in threeelectrode set-up in 0.6 M KOH solution was used to measure linear sweeping voltammetry (LSV). The selected sweeping rate was 5 mV/s at various rotating speeds from 0.4 to ¹0.8 V. The preparation of MnO 2 catalyst was by mixing MnO 2 with polyvinylidene difluoride (PVdF) as a binder and 1-methyl-2-pyrrolidone (NMP) as solvent with mass ratio 3:1:1 then cast onto 3 mm diameter Platinum RDE tip. The catalyst loading was maintained 2.5 mg/cm 2 . RDE as working electrode, platinum counter electrode, and Ag/AgCl (3 M KCl) reference electrode were connected to a potentiostat/galvanostat instrument (Autolab PGSTAT302N) and immersed into 0.6 M KOH electrolytes that were purged by saturated-O 2 gas. The transferred electron number n per oxygen molecule and the kinetic current density i K were calculated from the KouteckyLevich (K-L) equations:
In Eqs. (1) and (2), i is the measured current density, i K is the kinetic current density, ½ is the angular velocity of the disk (rpm), n is the overall number of electrons . The absence of well-defined XRD peaks indicated the amorphous nature of these materials. This is similar to manganese oxides prepared by precipitation reactions in water, 22) ,23) which may originate from their soft-chemical synthesis route. It is suggested that the thermal energy is not sufficient to construct a well-crystallized lattice from the component ions. Also, the diffraction line at 21°a greed to groutite ¡-MnO(OH) (JCPDS 12-0733) which were observed clearly at particles electrolyzed at pH 4 and higher. Therefore, the distinct ¡-MnO 2 and minor ¡-MnO(OH) was observed for particles electrolyzed at pH 0.2. The increase of ¡-MnO(OH) and the amorphous phases were found in the higher pH electrolysis. The increase of hydroxyl ion at higher pH contributed to the formation of ¡-MnO(OH) and amorphous ¡-MnO 2 . The particle formation mechanism under acid and base electrolysis was discussed in 3.2.
Increasing the voltage during electrolysis did not influence the amorphous nature of the materials. As shown in the XRD patterns of Fig. 2 , the patterns for both particles prepared under acid (pH 4) and base (pH 9) conditions at higher voltages have no sharp diffraction peaks of ¡-MnO 2 , indicating the amorphous nature of the materials. The higher voltages, in this case, had only effect on the increase in the production rate of particles as it has been well-known that the amount of species involved in an electrochemical reaction is proportional to the current. However, under pH 9, increasing the voltage led to the increase of ¡-MnO(OH) and amorphous ¡-MnO 2 . Therefore, we discussed further on the particle characteristics that electrolyzed using 3 V under acid condition at pH 0.2 and base condition at pH 9 in the following paragraph. Figure 3 shows TEM images of ¡-MnO 2 particles prepared in acid (pH 0.2) and base (pH 9) conditions under constant stirring. Two main morphologies were observed for the ¡-MnO 2 synthesized by electrolysis of KMnO 4 depending on the solution pH. Particles prepared at pH 0.2 [ Fig. 3(a) ] have rod-like morphology with an average diameter of approximately 18 nm (left inset). On the other hand, the particles appear as many agglomerates of very small sphere-like when the synthesis was carried out at pH 9 [ Fig. 3(b) ].
The selected area electron diffraction (SAED) pattern of ¡-MnO 2 particles prepared in pH 0.2 and pH 9 under stirring are shown in Figs. 4(a) and 4(b) , respectively. The broad diffraction rings in the SAED of particles prepared at pH 0.2 indicate that the materials not amorphous, but are at least partially ordered at the nanometric scale, confirming the XRD results. In the case of particles prepared at pH 9, the blurred bright rings in the SAED pattern as shown in Fig. 4(b) indicate that the particles are amorphous or poorly crystalline, corroborating to XRD results. The specific surface areas (BET) are approximately 59.58 and 55.94 m 2 g ¹1 for, respectively, particles synthesized in acid and base conditions although the morphologies are different. It should be noted that the particles prepared under pH 4 had rod-like morphology, the same as those prepared in pH 0.2.
Under the stirring condition, the particles may not have a chance to grow to be larger particles and hindered the agglomerated particles cause of convective transport. For the case of particles grown in acidic condition, the morphology of rod-like can be observed easily from the TEM images. Unfortunately, the morphology of particles synthesized in basic condition is slightly difficult to be observed. From the images, it is likely that the particle may have sphere or plate morphology. To obtain clear observation on particle morphology, the electrolysis was carried out without stirring, and the precursor (KMnO 4 solution) was added slowly, dropwise, near the cathode to give enough time for the particles to grow without any disturbances. This way, the particles may grow into larger particles that might be easily observed. Figure 5 shows FE-SEM images of particles synthesized under (a) pH 0.2 and (b) pH 9 without stirring during electrolysis. As expected, the size of the particles obtained was larger than before, and the morphology can be readily observed. For the particles synthesized under acidic condition, the particles have rod-like morphology with the size of approximately 64 nm. For the particles synthesized under the base condition, it is observed that they have plate morphology. The XRD patterns (Fig. 6) exhibit that the particles prepared under pH 0.2 are ¡-MnO 2 and those prepared in pH 9 are amorphous. These are similar to those of particles prepared under a stirring condition as discussed above. For the next discussion of electrochemical and ORR analysis, we used particles synthesized under stirring because nanostructured MnO 2 generated showed the excellence characteristics over the microstructured MnO 2 . Figure 7 shows the cyclic voltammograms of KMnO 4 solution at pH 0.2 electrolyzed under stirring. It can be observed a reduction peak at +1.32 V vs. Ag/AgCl (equivalent to +1.53 V vs. SHE) that can be attributed to the following reaction
Electrochemical behavior of particle formation
The measured potentials are slightly different from the standard potentials for the reactions found in the literature that may be caused by ohmic potential drop due to the solution resistance. For base condition, a reduction peak can be observed at +0.32 V vs. Ag/AgCl (equivalent to +0.53 V vs. SHE) in the cyclic voltammogram as shown in Fig. 8 . The peak may be attributed to the following reaction
The slightly different in the measured potential with that of the standard potential again may be caused by ohmic potential drop due to solution resistance. It appears that the formation of MnO 2 particles prepared at pH 0.2 follows Eq. (4) directly and that in the base condition follows Eq. (5). The production rate of MnO 2 particles prepared at pH 9 is much lower than that prepared at pH 0.2. The production rate can be observed from the current density during electrolysis. At a potential of 3 V, for example, the current density for the acid condition was approximately 1,458 mA/cm 2 , which was much higher than that of base condition that only about 63 mA/cm 2 . As discussed above, the formation of MnO 2 particles at acid condition requires hydrogen ions that have been presented in an excess amount. This may contribute to the faster reaction of MnO 4 ¹ reduction. On the other hand, OH ¹ ions are the product of MnO 2 formation that may hinder the forward reaction. This may result in the prolonged reaction rate at the base condition.
To get better insight into the reaction kinetics of MnO 2 formation, dynamic polarization for the systems were performed. The measurement results were presented as Tafel plot as shown in Fig. 9 . Tafel plot can describe the electrochemical kinetic reaction parameters according to the following Butler-Volmer equation:
where © is the electrode overpotential (V), i 0 is the exchange current density (A/cm 2 ), ¡ is transfer coefficient, and b is Tafel slope. Tafel plot constant for MnO 4 ¹ electrolyzed in base condition resulted in ¡ = 0.6 and i 0 = 16.75¯A/C.m 2 whereas in acid condition, ¡ = 0.53 and i 0 = 79.75¯A/C.m 2 . MnO 2 synthesized at acid condition has almost five times i 0 than that of synthesized at base condition corresponding to the high reaction rate for acid electrolysis.
Electrocatalytic activity towards ORR
Rotating disk linear sweep voltammetry (LSV) was employed to assess the kinetics of ORR of the nanorod and nanoflake MnO 2 catalysts in 0.6 M KOH solution under saturated O 2 flow that recorded at 5 mV/s. Figure 10 shows the hydrodynamic linear sweep voltammogram of nanorod and nanoflake MnO 2 catalysts at various electrode rotation speeds. The onset potential of ORR on nanorod MnO 2 is ¹0.021 V, whereas it is ¹0.100 V on nanoflakes MnO 2 . The diffusion-limiting current densities of nanorod MnO 2 increase with rotation speed caused by the faster oxygen flux to the electrode surface. The diffusionlimiting current densities of nanorod MnO 2 is higher than that of nanoflakes MnO 2 . For comparison, the diffusionlimiting current densities of nanorod and nanoflakes MnO 2 at applied voltage of ¹0.8 V are 2.78 and 2.19 mA/cm 2 at 1600 rpm. Figure 11 shows the K-L curves for MnO 2 particles prepared at pH 0.2 and pH 9 by plotting i ¹1 versus ½ ¹1 at a various applied voltage corresponding to nanorod and nanoflakes MnO 2 catalysts. The slope is used to determine the number of electrons, n, involved in ORR and found that the average n values for nanorod and nanoflakes MnO 2 catalysts are 2.23 and 1.75. Their amorphous structures cause the lower electrons number of nanoflakes MnO 2 . On the other hand, nanorod MnO 2 prepared by electrolysis at pH 0.2 has higher electrons number caused by ¡-MnO 2 tunnel structures. The electrons number, n µ 2 described that the ORR mechanism of manganese oxides in alkaline media follows the following reactions:
Equation (7) represents 2-electron reduction of the oxygen molecule to hydrogen peroxide ions. Then, further electrochemically reduced to hydroxide ions that follows Eq. (8) or evolved chemical decomposition of hydrogen peroxide ions into hydroxide ion and oxygen molecule that follows Eq. (9) . It has been demonstrated that manganese oxides follow 2-electron ORR mechanism which is catalytically active toward the peroxide decomposition that the reaction follows Eqs. (7)(9). 24) These results suggest that manganese oxides synthesized by the electrochemical method under acid condition are promising to be used as an active catalyst towards ORR.
Conclusions
Nano-size manganese oxide with controlled morphologies can be synthesized by the simple electrochemical method through controlling the acidity of the KMnO 4 solution as starting material. Electrolysis of KMnO 4 in acid condition can generate nanorod ¡-MnO 2 particles while in the base condition can generate nanoflakes amorphous MnO 2 . MnO 2 obtained from electrolysis in acid condition reveal better ORR for electrocatalyst than in base condition. The number of transferred electrons involved in ORR for nanorod and nanoflakes MnO 2 are 2.23 and 1.75 corresponding to 2-electron ORR mechanism.
